One sentence summary: Although both are vision threatening, it appears that the prognosis of primary acquired ocular toxoplasmosis is better than that of congenital disease. Dalia S. Ashour, Abeer E. Saad, Reda H. Elbakary, Mohamed A. El Barody.
INTRODUCTION
Toxoplasmosis is caused by the intracellular protozoan Toxoplasma gondii that infects 30%-50% of the world human population (Klaren and Kijlstra 2002) . In the United States, approximately 14% of the individuals are seropositive by the age of 40 years with one million new infections and 750 deaths each year (Jones et al. 2007; Scallan et al. 2011) . The global estimated incidence of congenital toxoplasmosis is 190 100 annual cases. This amounted to an incidence rate of approximately 1.5 cases/1000 live births (Torgerson and Mastroiacovo 2013) .
Toxoplasma infections can be acquired congenitally or through the ingestion or handling of undercooked or raw meat containing tissue cysts. It can result from direct contact with faeces of infected cats or from the consumption of water or food contaminated by sporulated oocysts in the faeces of infected cats (Montoya and Liesenfeld 2004) . Less common infections may occur through transmucosal laboratory infections (Herwaldt 2001) .
Humans, as other animals, are intermediate hosts of T. gondii.
Oocysts shed by cats, are ingested by an intermediate host and give rise to tachyzoites that infect any nucleated cell. As infected cells die, they release tachyzoites that infect neighboring cells. Because of the immune response of the host, intracellular tachyzoites convert into bradyzoites and form intracellular cysts in muscle, brain and eye. Cysts persist for prolonged times without causing apparent signs and symptoms (Holland 1989; Montoya and Liesenfeld 2004) .
Toxoplasmic chorioretinitis is the most common ocular manifestation of both congenital and acquired toxoplasmosis (Mets et al. 1996) . Approximately 20 000 new cases of retinal affection occurred in the United States each year (Jones and Holland 2010) . Ocular toxoplasmosis is asymptomatic in many patients and may exist as unrecognized retinochoroidal scars; however ocular lesions may be present in up to 20% of infected individuals. Therefore, it is often impossible to determine the congenital or acquired nature of the disease (Silveira et al. 1988; Montoya and Liesenfeld 2004; Montoya and Rosso 2005) .
Many data about ocular toxoplasmosis are acquired through observations and interpretations of cases. The congenital transmission of T. gondii may not be the only source of retinal lesions, as traditionally assumed and acquired infection may be also involved (Montoya and Remington 1996) . Moreover, anatomic and microvascular differences between the macula and the peripheral retina might create a microenvironment that also influences the location of lesions following either congenital or acquired infections (Yang, Das, and Kijlstra 2000) . Therefore, the current study aimed to investigate the ophthalmic outcomes of the most two common natural routes of infection with toxoplasmosis; congenital and postnatal orally acquired infections in experimental animals.
MATERIALS AND METHODS

Animals
Fourteen females (7-8 weeks old) and seven males (8-10 weeks old) Swiss albino mice were obtained from the animal house of Theodore Bilharz Research Institute (TBRI), Giza, Egypt. Two females and one male were housed per cage for mating in the overnight. Observation of vaginal plug designated as first day of pregnancy. Pregnant females were removed from the mating cages. Pregnancy could be confirmed when the female weight gain was more than 4 g in 8 days (Goodwin et al. 2012) . Seven pregnant females were infected orally with Toxoplasma cysts at the second week of pregnancy (10 days of gestation) and the other seven pregnant females were infected orally with Toxoplasma cysts at third week of pregnancy (15 days of gestation). Other 15 mice were used for the oral infection with Toxoplasma cysts and five mice remained uninfected to be used as negative control. Both orally and congenitally infected mice were infected at the same time using the same Toxoplasma cysts sample to avoid the potential variability in tissue cyst inoculums.
Mice were maintained under standard laboratory conditions in accordance to the national and institutional guidelines with special care to food and water to ensure that no other sources of infection were introduced to these animals throughout the course of the study. Then the mice were divided into three groups; group I (congenital infection): 15 offspring of pregnant females that were infected with Toxoplasma cysts at the second week of pregnancy and other 15 offspring of pregnant females that were infected at third week of pregnancy, group II (acquired oral infection): 15 mice were infected orally with Toxoplasma cysts and group III: 5 mice as normal negative control (Fig. 1 ).
Parasites
Me49 low-virulence T. gondii strain (kindly provided by Medical Parasitology Department, Faculty of Medicine, Alexandria, Egypt) was regularly maintained by repeated inoculation of Swiss albino mice every 8 weeks with 0.1 mL of brain homogenate of previously infected mice containing approximately 100 tissue cysts/mL to establish chronic toxoplasmosis (Djurković-Djaković et al. 2002) . Mice were infected orally by gavage with brain suspension containing T. gondii cysts (10 cysts/mouse).
To prepare the brain suspension, infected mice were sacrificed; brains were removed, prepared in a tissue homogenizer (Wheaton, USA) with 1 mL saline each. For cyst count, 0.1 mL of the brain suspension was placed on a slide and microscopically counted under a ×40 lens. The suspension was adjusted to a concentration of 100 cysts/mL (Djakovic and Milenkovic 2001) .
Mice were sacrificed 5 weeks postnatal of offspring in group I and 5 weeks post-infection in group II. Then, their brains and eyes were removed. Brains were examined as described above to ensure infection of mice through detecting Toxoplasma cysts in the brain suspension and then eyes were kept in 4% formaldehyde for histopathological examination. Normal mice were sacrificed at the end of the experiment. The specimens were then dehydrated, embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E). Microscopy was performed using Zeiss laboratory light microscope (Ehlers et al. 2010) .
Ethics statement
All animals were maintained in the Laboratory Animal Centre for Animal Research at Medical Parasitology Department, Faculty of Medicine, Tanta University. The animal experiment reported here was approved and conducted according to the guidelines of the Laboratory Animal Centre for Research Ethics Committee at Faculty of Medicine, Tanta University.
Statistical analysis
Differences among groups were tested for significance by chisquared test using Statistical Package for Social Sciences (SPSS) (SPSS Inc., Chicago, Illinois, USA), software for windows, version 14.0. Differences were considered insignificant at P >0.05, significant at P < 0.05 and extremely significant at P < 0.001. The correlations between the gestational age and pathological changes were analyzed using the Pearson correlation coefficient.
RESULTS
The uninfected control eyes showed normal histological structure of the eye tissues with no lesions or inflammations (Fig. 2) . Regarding the infected mice, we found that the most affected part of the eye is the retina in both modes of infection. However, the changes itself are different and more pronounced in case of congenital infection. The congenitally infected mice (both infected at the 2nd and 3rd weeks of pregnancy) showed retinal lesions that ranged from mild to severe changes in the retina. Higher rate of maternal-fetal transmission in mice occurs at 3rd week of pregnancy. From a total of 15 congenitally infected mice at 2nd week of pregnancy that had been studied, 7 (46.7%) presented severe lesions, while 2 (13.3%) presented mild lesions and the other remaining 6 (40%) did not present any ocular lesions. Moreover, out of 15 congenitally infected mice at 3rd week of pregnancy, 3 (20%) represented severe lesions, 8 (53.3%) mild lesions and 4 (26.7%) did not present ocular lesions. On the other wise, the postnatal orally infected mice only 3 (20%) from 15 infected mice showed ocular lesions. Most of the affected cases showed bilateral lesions in the eyes; 90% in congenital infection and about 67% in oral infection.
Histopathological lesions in the eye of congenitally infected mice were in the form of mild changes such as multiple vacuolated areas in the photoreceptor and ganglion cell layers (Fig. 3A) . On the otherwise, more damage was presented by total detachment of retinal pigment epithelium (RPE) from the photoreceptor and disruption of external limiting membrane. Also, there was excessive proliferation of outer nuclear layer and irregular arrangement of the outer and inner nuclear layer with widening of intercellular space. Moreover, focal displacement of the outer and inner nuclear layers into the outer plexiform layer which became very narrow. However, the inner plexiform layer showed massive swelling. Displacement and vacuolation of ganglion cells were noticed ( Fig. 3B-E ). More severe damage was observed in mice infected early in pregnancy (in the 2nd week of pregnancy) than those infected later (in the 3rd week of pregnancy). Beside the above changes, mice infected early in pregnancy showed excessive folding of outer nuclear layer with invagination of photoreceptor layer in between, loss of outer plexiform layer, area of complete loss of outer and inner nuclear layers and proliferation of the ganglion cell layer (Fig. 3F) .
Correlation analyses are in agreement with our previous results; as the age proceed, the severity decreased. Pearson correlation revealed that the gestational age is negatively correlated with the pathological grade (r = −1, P < 0.01).
While the orally infected mice showed area of hypocellularity or even cellular loss of outer nuclear layer and narrowing of the outer plexiform layer. Some vacuolated areas in the photoreceptor layer associated with degeneration of ganglion cell layer in the form of dark piknotic nuclei and dilated blood capillaries were detected (Fig. 4) . Quantitative assessment of pathological alterations among mice with ocular lesions was shown in Table 1 .
DISCUSSION
Ocular toxoplasmosis is a vision-threatening disease. It is the most common cause of retinochoroiditis worldwide in humans (Maenz et al. 2014) . In spite of the continuing global burden of ocular toxoplasmosis, many critical aspects of disease are still under debate especially because of difficulty to obtain samples from infected humans due to its localization in eye and its diagnosis is commonly based on clinical and fundoscopic observations (Dukaczewska, Tedesco, and Liesenfeld 2015) .
In order to address the impact of the route of infection on the clinical presentation, this experimental model of ocular toxoplasmosis has been established, especially that the majority of murine models used previously in other studies are based on intraperitoneal or intraocular infections with T. gondii that are not the natural routes of infection. Injection of Toxoplasma (1), nerve fiber layer (2), ganglion cell layer (3), inner plexiform layer (4), inner nuclear layer (5), outer plexiform layer (6), outer nuclear layer (7), external limiting membrane (8), layer of rods and cones (9) and RPE (10). This is closest to the choroid (C) (H&E × 200).
trophozoites directly in the carotid artery of rabbits produced focal chorioretinal lesions with more choroidal lesions (Hogan 1951) . However, their local injection into the suprachoroidal space showed focal retinochoroiditis near the posterior pole of the fundus and moderate clouding of the vitreous humor (Nozik and O'Connor 1968) . Intraperitoneal inoculation of cysts of T. gondii Me49 strain developed multiple foci of retinitis that resolved spontaneously without treatment (Pavesio et al. 1995) . These experimental studies were done to investigate the ocular toxoplasmosis but none of them mimicked the natural route of infection. Yet, these studies highlighted the idea that ocular lesions differ according to the route of infection.
Our study has the advantage that it used an animal model of ocular toxoplasmosis that closely resembles those of humans in morphology, clinical course and histopathologic manifestation. Also, the use of the low-virulent Me49 T. gondii strain produces a chronic disease thus avoid severe systemic reactions that induce death.
In the present study, we found that the congenitally infected mice showed total detachment and disarrangement of the retinal layers and vacuolation and excessive proliferation especially of outer nuclear layer. Our results coincide with those of Tedesco et al. (2007) who investigated infected fetal eyes. While no parasites were observed, alterations in the outer and inner nuclear layer of the retina including edema characterized by the increase of interstitial spaces forming lacunae and a net of vessels. These histological observations suggest that ocular lesions are not delayed manifestations of toxoplasmosis but develop early after congenital infection.
In the current study, these histopathological changes were detected in spite of absence of Toxoplasma cysts or inflammatory cellular infiltrates in the retinal tissues. Gazzinelli et al. (1994) stated that T. gondii cysts are found only in a small portion of the histological material and mainly in the inner retinal layers, and are not associated with inflammatory infiltrates. In contrast, Figure 3 . Transverse section of the eye of mice following congenital infection with Toxoplasma gondii: (A) multiple vacuolation of photoreceptor (red arrows) and ganglion cell layers (black arrow), (B) vacuolation of some pigment epithelium (red arrow), disruption of external limiting membrane (yellow arrow), few vacuoles in photoreceptors (blue arrow), very narrow outer plexiform layer (green arrow), irregular arrangement of the outer and inner nuclear layer with widening of intercellular space and displacement and vacuolation of ganglion cells (black arrow), (C) focal detachment of RPE from outer segment of photoreceptors (black arrow). Focal displacement of the outer and inner nuclear layers into the outer plexiform layer which became very narrow (red arrows), (D) total detachment of RPE from the photoreceptors (black arrow) that showed multiple vacuoles (red arrow), irregular excessive proliferation of outer nuclear layer, swollen and vacuolated outer plexiform layer (green arrow), wide spaces between the cells of inner nuclear layer (blue arrows) and swollen inner plexiform layer (asterisk), (E) disarrangement of retinal layers with excessive proliferation and mixing of the inner nuclear and inner plexiform layers (black arrow) (F) detachment of RPE from photoreceptor (black arrow), excessive folding of outer nuclear layer with invagination of photoreceptor layer in between (red arrows), loss of outer plexiform layer (blue arrows), area of loss of outer and inner nuclear layer (green arrows) and proliferation of ganglion cell layer (yellow arrow) (H&E × 200). P3 0.003 * * * significant. * * extremely significant P1: group I (2nd trimester) vs group I (3rd trimester) P2: group I (2nd trimester) vs group II P3: group I (3rd trimester) vs group II. cellular inflammatory infiltrates in the retina were described in some murine models of the disease (Tedesco et al. 2004; Tedesco et al. 2005; Calabrese et al. 2008) . This may be due to difference in the genetic factors of the host that is important for the immune response against T. gondii and subsequently on the outcome of infection (Deckert-Schluter et al. 1994) .
On the contrary, we found that the postnatal orally infected mice showed fewer changes and they were in the form of hypocellularity and necrotic areas with cellular loss of outer nuclear layer and vacuolation of the photoreceptors. Similar findings were reported in other studies. Migration of RPE towards the inner retinal layers was described in the eyes of orally infected mice. Focal photoreceptor damage characterized by narrowing of the photoreceptor layer was also observed (Gazzinelli et al. 1994; Norose et al. 2005) . However, electroretinograms and fluorescein angiography showed no abnormalities after oral infection of mice (Norose et al. 2003; Norose et al. 2005) . Lee et al. (1983) established congenital toxoplasmosis by subcutaneous injection of tissue cysts of T. gondii into the pregnant mice and it was manifested by retinochoroiditis, atrophy of the photoreceptor and outer nuclear layers, retinal vasculitis and cataracts in the infected progeny. However, they reported some severe changes in some of their congenitally infected mice in the form of giant cell granulomatous reactions ending with necrotic and calcified retina. They suggested that autoimmunity may play a part in the disease process.
Similar findings were reported in human patients. BradyMcCreery, Hussein, and Paysse (2003) reported a case of congenital toxoplasmosis associated with retinal fold in one eye and a total retinal detachment in the other eye. Choroiditis, vitreitis, retinal vasculitis and inflammatory infiltrates in the anterior chamber are other lesions that were observed during the course of disease (Pleyer, Torun, and Liesenfeld 2007) . Macular involvement appears to be more frequently affected than the rest of the fundus. In one study, macular lesions were present in 54% of children with ocular congenital toxoplasmosis that may result in loss of vision (Mets et al. 1996; Pleyer, Torun, and Liesenfeld 2007) . However, as mice lack macula (Pennesi et al. 2012) , we didn't detect any macular changes.
It is well known that Toxoplasma infection in the first trimester of pregnancy is related to the highest risk of severe neurosensory symptoms in newborn, miscarriage or death of the fetus. Their risk decreases with increasing the gestational age (Many and Koren 2006; Modrzejewska et al. 2016) . The same trend was observed in the current study regarding the eye lesions. We found that severe damage of the retina occurred in case of early infection in pregnancy that showed excessive folding of outer nuclear layer, proliferation of the ganglion cell layer and complete damage of other retinal layers.
In contrast to López-Castillo and de-la-Torre (2011), who stated that ocular toxoplasmosis takes a common clinical course independent on the route of infection, we found that there is a variation in the pattern of tissue destruction. Moreover, the congenital infection produced more severe lesions in the eye than do the oral one. The congenital infection was presented mainly as excessive proliferation of cells while the oral infection was presented as cell loss and necrosis of the tissues. It may be because Toxoplasma affects the retina in the fetal developmental and organogenesis stage or because of the immaturity of the fetal immunologic defense system and the relatively greater vulnerability of fetal organs such as the brain and the eye Kieffer and Wallon 2013) . Interestingly, Yamamoto et al. (2000) found that the peripheral blood mononuclear cells from patients with postnatal acquired ocular toxoplasmosis showed significantly greater proliferation and cytokine production (e.g. interleukin 1 and tumor necrosis factor) in response to Toxoplasma antigen compared with patients with congenital ocular toxoplasmosis. They suggested that Toxoplasma specific T-cells were deleted or anergized through exposure to Toxoplasma antigens during the prenatal period; consequently having diminished immune response to Toxoplasma. Therefore, more resistance to ocular lesions is observed in postnatal acquired Toxoplasma infection.
In view of our results, we found that RPE was vacuolated with disruption of external limiting membrane in congenitally infected mice only. These findings highlighted another accepted explanation for the severe manifestations observed in the congenital infection as these barriers are easily disrupted in congenital infection while they provide some sort of protection of the eye in acquired infection. It has been documented that RPE takes an active part in the ocular pathology after infection with T. gondii. The tachyzoites enter RPE during infection then it upregulates the expression of MHC class I and II molecules on the cell surface to present Toxoplasma antigens (Tedesco et al. 2004) . RPE cells secrete cytokines that take part in the immune response. Moreover, in RPE culture, IFN-γ was shown to suppress parasite replication (Nagineni et al. 1996) . Therefore, disruption of RPE interferes with these important functions and facilitates Toxoplasma pathologic effects on the eye.
Very interestingly, Moraes et al. (2004) found a decline in the activity of ornithine decarboxylase and arginine decarboxylase during maturation and differentiation of the retina. Those are necessary for the synthesis of polyamines required for T. gondii proliferation. Consequently, proliferation of T. gondii was lower in retinas acquired from older embryos.
An important point should be noted that the congenitally infected mice may acquire the infection via another route that is suckling from their infected mothers. However, this route is of minor importance as the highly acid environment of the stomach would be expected to kill tachyzoites after brief contact (Sacks, Roberto, and Brooks 1982) .
In conclusion, the routes of Toxoplasma infection affect the ophthalmic outcomes that coincide with some clinical experiences. Although both are vision threatening, it appears that the prognosis of postnatal acquired ocular toxoplasmosis is better than that of congenital disease. The congenital infection was presented mainly by hyperproliferation of cells while the oral infection was presented by cellular loss. However, the route of infection remains undetermined in as many as 70% of ocular toxoplasmosis cases (López-Castillo and de-la-Torre 2011). Therefore, it is important for patient's perspective to prevent the initial infection to reduce morbidity from toxoplasmosis. This can be implicated by careful screening of pregnant females and their newborn to reduce the risks of congenital infection with its severe sequels on the eye and also should include children and adults at risk of orally acquired toxoplasmosis.
